Dry eye (DE) disease afflicts \>15% of the urban population.^[@bib1],\ [@bib2]^ It is characterized by discomfort, visual disturbance, and tear film instability with potential damage to the ocular surface because of increases in tear film osmolarity and inflammation. Therefore, it substantially affects the quality of life.^[@bib3],\ [@bib4]^ The lacrimal gland (LG), ocular surface, and their interconnecting neural reflex loops work together to produce tears that prevent ocular surface damage from external stimuli. This is defined as the lacrimal functional unit.^[@bib5],\ [@bib6]^

LGs can become the target of the immune system and show signs of inflammation that impair its normal function. A progressive loss of exocrine gland function because of glandular damage is induced by lymphocytic infiltration into these target organs. In Sjögren\'s syndrome, CD4^+^ T cells infiltrate into accompanying B cells.^[@bib7],\ [@bib8],\ [@bib9]^ Various studies have been conducted on the immune-mediated pathogenesis in LGs of patients with Sjögren\'s syndrome. However, most of the DE incidences are non-Sjögren\'s syndrome in which nonimmunological injuries that are related to glandular dysfunction are observed.^[@bib8]^ LG changes and damages in non-Sjogren\'s syndrome are less elucidated than those in Sjogren\'s syndrome. In Sjögren\'s DE disease, the secretory impairment of lacrimal and salivary glands may be related to the extent of lymphocytic infiltration and loss of glandular tissue. However, in non-Sjogren\'s disease, inflammatory cell invasion and lymphocytic infiltration are reduced, and other factors may contribute to the impairment in secretory function.^[@bib8],\ [@bib10],\ [@bib11]^

LGs are highly vascularized tissues that secrete water and ions that are transported across the glandular epithelium. Vascular integrity and blood flow are essential for the normal physiological function of LGs. The effects of DE on these factors are not well characterized. The mechanisms by which LG acinar cells protect their secretory function and polarity against DE are also unknown. Recently, we found that prostaglandin (PG) E~2~ and cyclooxygenase-2 (COX-2) levels are significantly increased in LGs of humans and mice with DE.^[@bib12]^ However, the mechanisms by which PG synthesis is increased and the exact roles of these PGs in the pathophysiology of DE require further elucidation.

The purpose of this study was to investigate the natural protective mechanisms of LGs against DE stress in mice. In addition, we developed a novel hypoxia inducible factor (HIF)-1*α* conditional knockout (CKO) model to determine the role of HIF-1*α* in the morphological changes in acinar cells and vascular integrity in DE-induced LGs.

Results
=======

DE-induced pathological changes in mouse LGs *in vivo*
------------------------------------------------------

To investigate the effects of DE on the pathology of LG, mice were kept in a controlled environmental chamber for 4 weeks, and then killed. After 10 days of DE induction, LG size, which was measured by calculating the maximum length, was significantly decreased from 5.2±0.9 to 3.9±1.1 mm ([Figure 1a](#fig1){ref-type="fig"}). Interestingly, the LGs became pale and white after DE induction in a time-dependent manner. This may reflect reduced vascularity ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary 1](#sup1){ref-type="supplementary-material"}). Next, we assessed the effects of DE on the pathology of blood vessels (BVs) and lymphatic vessels (LVs) in LGs. The number of CD31-expressing BVs (green) was significantly decreased, starting at 1 week after induction ([Figure 1b](#fig1){ref-type="fig"}, middle and lower rows). Under normal conditions, BVs were equally detected in the central and peripheral areas of LGs ([Figure 1b](#fig1){ref-type="fig"}, upper row white arrows). At 2 weeks of DE induction, BV loss was greater in the peripheral area compared with that of 1 week after induction ([Figure 1b](#fig1){ref-type="fig"} and [Supplementary 2](#sup1){ref-type="supplementary-material"}). Many LVs were found on the surface of LGs under normal and DE-induced conditions, although DE did not affect the number of LVs. Moreover, lymphatic vascular endothelial gene (LYVE)-1-expressing structures were upregulated in DE-induced LG. The changes in the expression levels of BVs and LVs by DE were confirmed using quantitative PCR (qPCR; [Figures 1c and d](#fig1){ref-type="fig"}). Similarly, the protein expression of platelet endothelial cell adhesion molecule (PECAM) was significantly decreased by DE stress ([Figure 1e](#fig1){ref-type="fig"}).

Because DE reduced the volume of LGs and diminished vascularity, apoptotic cell death was assessed. DE induction did not increase the number of Annexin-V^+^ apoptotic cells ([Figure 1f](#fig1){ref-type="fig"}), and the number of TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling)-positive cells remained low ([Figure 1g](#fig1){ref-type="fig"}).

Enhanced endoplasmic reticulum (ER) stress and autophagy activation in LGs of DE-induced mice
---------------------------------------------------------------------------------------------

Using the transmission electron microscope, severe intracellular organelle derangement was found in LGs of DE-induced mice ([Figure 2A](#fig2){ref-type="fig"}). Compared with normal LGs ([Figures 2Aa and b](#fig2){ref-type="fig"}), vacant vacuoles ([Figure 2Ac](#fig2){ref-type="fig"}), dilatation of the ER ([Figure 2Ad](#fig2){ref-type="fig"}, blue arrow), decreased number of mitochondria with loss of cristae structures ([Figures 2Ad, h](#fig2){ref-type="fig"}), vacuolation, and autophagosomes were characteristically found in DE-induced LGs ([Figures 2Ae, f and g](#fig2){ref-type="fig"}). Some DE-induced acinar cells exhibited increased numbers of secretory vesicles, whereas other cells showed severely decreased number of vesicles ([Figures 2Ae and g](#fig2){ref-type="fig"}). Autophagosomes containing dead acinar cells were engulfed by macrophages (M, [Figure 2Af](#fig2){ref-type="fig"}). Numerous vacuolization is a characteristic of autophagy,^[@bib13]^ and microtubule-associated protein 1A/1B-light chain 3 (LC3) expression was significantly increased by DE induction ([Figure 2B](#fig2){ref-type="fig"} and [Supplementary 3](#sup1){ref-type="supplementary-material"}). In addition, the levels of C/EBP homolog protein (CHOP; ER stress-related protein), eukaryotic translation initiation factor (eIF)-2*α*, phosphorylated protein kinase-like ER kinase (p-PERK), Bcl2/adenovirus E1B-interacting protein 3 (BNIP3), and Beclin 1/autophagy-related gene 6 (ATG6) were significantly increased ([Figure 2C](#fig2){ref-type="fig"} and [Supplementary 3](#sup1){ref-type="supplementary-material"}). The phosphorylation and expression of 5′ AMP-activated protein kinase (AMPK) were unchanged in LGs until the 3-week time point ([Figure 2D](#fig2){ref-type="fig"}).

HIF-1*α* activation and glycolytic conditions in LGs of DE-induced mice
-----------------------------------------------------------------------

Our results demonstrate that DE decreased BVs, disrupted intracellular organelles, and increased autophagy in LGs. In addition, the concentrations of lactate and alanine, which are markers for glycolysis, were significantly increased with DE stress ([Figures 3a and b](#fig3){ref-type="fig"}). The concentration of lactate in DE-induced LGs was 25.6 times higher than normal at 1 week of induction. The concentrations of glycolysis and Krebs cycle intermediates were also measured using liquid chromatography-mass spectrometry (LC-MS). The concentrations of succinate, *γ*-aminobutyric acid (GABA), and citrate were significantly elevated by DE induction in a time-dependent manner. In contrast, isocitrate and glutamate concentrations were drastically decreased ([Figure 3c](#fig3){ref-type="fig"} and [Supplementary 4](#sup1){ref-type="supplementary-material"}).

HIF-1*α* is a key transcription factor that rapidly adapts to reductions in oxygen levels, thus triggering autophagy.^[@bib14],\ [@bib15]^ The expression of HIF-1*α* peaked after 1 week of DE induction ([Figure 3d](#fig3){ref-type="fig"}). After 2 weeks of induction, HIF-1*α* levels slightly decreased. However, the expression level of HIF-1*α* was still significantly higher than that of the non-DE control. DE also upregulated the downstream signaling factors of HIF-1*α*, such as vascular endothelial growth factor (VEGF), lactate dehydrogenase (LDH), and erythropoietin (EPO) ([Figure 3e](#fig3){ref-type="fig"}). Under normal conditions, HIF-1*α* staining was detected in some BVs ([Figure 3f](#fig3){ref-type="fig"}, left column, red arrow). With DE induction, HIF-1*α* staining was patch-like and enhanced in the acinar cells, especially in the peripheral areas ([Figure 3f](#fig3){ref-type="fig"}, middle, black arrow), and it was not detected in infiltrated cells ([Figure 3f](#fig3){ref-type="fig"}, right column, green arrow) and ductal areas. Because succinate and fumarate are damage-associated molecular pattern (DAMP) signals in various conditions,^[@bib16]^ we determined whether these glucose metabolites enhanced HIF-1*α* expression. Indeed, HIF-1*α* expression was significantly enhanced by treatments with a 20 *μ*M solution containing succinate, GABA, or lactate ([Figure 3g](#fig3){ref-type="fig"}).

Relationship between HIF-1*α* and COX-2 in LGs of DE-induced mice
-----------------------------------------------------------------

COX-2 levels were increased in the LGs of DE mice.^[@bib12]^ COX-2 and HIF-1*α* are known to be interregulated in various pathological conditions, including inflammation, carcinogenesis, apoptosis, and hypoxia.^[@bib17],\ [@bib18],\ [@bib19]^ Therefore, the effect of HIF-1*α* on COX-2 levels in the LGs of DE-induced mice was determined.

DE increased COX-2, but not COX-1, levels in LGs. COX-2 levels remained elevated until the 4-week time point ([Figures 4a and b](#fig4){ref-type="fig"}). To define the increase in COX-2 expression in LGs, CD45^+^ bone marrow-derived cells were separated from CD45^−^ cells by FACS Aria III Cell Sorter (BD Biosciences, San Jose, CA, USA). After DE induction, enhanced COX-2 levels were found only in CD45^−^ cells ([Figure 4c](#fig4){ref-type="fig"}). This suggests that COX-2 is upregulated only in acinar cells. Interestingly, immunostaining results revealed that COX-2 and HIF-1*α* expression was detected mainly in peripheral lacrimal glandular cells, but not in the central or inflammatory cell-infiltrated areas ([Figure 4d](#fig4){ref-type="fig"}). Moreover, most of the COX-2-expressing areas overlapped with HIF-1*α*-expressing areas (arrow and arrowhead in [Figure 4d](#fig4){ref-type="fig"}). Increased matrix metalloproteinase 2 (MMP2) and MMP9 levels were also observed in these overlapping areas ([Supplementary 5](#sup1){ref-type="supplementary-material"}).

To determine the levels of COX-2-related inflammatory cytokines in LGs, DE-induced mice were subcutaneously injected with celecoxib, a COX-2 specific inhibitor (20 *μ*M, 0.1 ml, b.i.d.). Interleukin (IL)-1*β*, tumor necrosis factor-*α* (TNF-*α*), IL-6, and IL-8 mRNA levels were significantly decreased in celecoxib-treated, DE-induced LGs ([Figure 4e](#fig4){ref-type="fig"}). The protein levels of IL-1*β* and TNF-*α*, which are both upregulated upon HIF-1*α* activation, were slightly increased after 1 and 2 weeks of DE induction ([Figures 4f and g](#fig4){ref-type="fig"}). Compared with IL-1*β*, TNF-*α* levels were more significantly enhanced and remained elevated until 4 weeks of DE induction ([Figure 4g](#fig4){ref-type="fig"}).

Role of HIF-1*α* in cell death and autophagy in the LGs of DE-induced mice
--------------------------------------------------------------------------

The role of HIF-1*α* in DE-induced cell death and autophagy was investigated using the HIF-1*α* CKO model. Before DE induction, the size and weight of LGs from wild-type (WT; B6), floxed, and HIF-1*α* CKO mice were not significantly different ([Figure 5a](#fig5){ref-type="fig"}). However, the size and weight of LGs from HIF-1*α* CKO mice were drastically decreased after 1 week of DE induction, and this continued until the 2-week time point.

DE caused shrinking of cytoplasms with the widening of interlobular spaces in LG acinar cells of WT mice. Pyknotic nuclei were not found ([Figure 5b](#fig5){ref-type="fig"}, left column). Before DE induction, HIF-1*α* CKO LGs were not morphologically different from WT LGs ([Figure 5b](#fig5){ref-type="fig"}, middle column). However, after 10 days of DE induction, the majority of the normal secretory structure had collapsed. The secretory ducts were significantly dilated (blue arrows) and were filled with eosinophilic materials, and few acinar tissues were found ([Figure 5b](#fig5){ref-type="fig"}, right column). Moreover, remaining acinar tissues lost their polarity and were replaced by ductal structures. Pyknotic condensation of the nucleus was observed, and the cytoplasm was significantly decreased. LG structure and polarity were more severely damaged in the peripheral area that was completely replaced with a few collagenous matrix-containing cells.

To determine the mechanisms by which DE caused significant and early changes in LGs of HIF-1*α* CKO mice, acinar cell apoptosis was assessed. Marked increases in apoptotic cells (7AAD^−^AnnexinV^+^) were found in HIF-1*α* CKO LGs compared with floxed or WT LGs ([Figure 5c](#fig5){ref-type="fig"}). After 2 weeks of DE induction, Annexin V^+^ cells were increased to 50.7% in LGs ([Figure 5c](#fig5){ref-type="fig"}). WT or floxed LGs contained \<0.1% Annexin V^+^ cells. Moreover, 7-AAD^+^ cells were increased in HIF-1*α* CKO LGs. The apoptotic marker, Bax, and the anti-apoptotic marker, Bcl-xL, were significantly increased and decreased, respectively, in HIF-1*α* CKO LGs at 1 week of induction ([Figure 5d](#fig5){ref-type="fig"}). Decreasing Beclin 1 and increasing caspase 3 levels were also observed in these LGs ([Figure 5d](#fig5){ref-type="fig"}). In addition, compared with WT LGs, PECAM expression was significantly downregulated by DE induction in HIF-1*α* CKO LGs ([Figure 5e](#fig5){ref-type="fig"}).

As previously reported,^[@bib12]^ COX-2 levels were significantly increased in LGs of DE-induced WT mice. Interestingly, COX-2 was not detected in LGs of DE-induced HIF-1*α* CKO mice ([Figure 5f](#fig5){ref-type="fig"}). FACS analysis results showed that significant numbers of inflammatory cells were infiltrated in HIF-1*α* CKO LGs than in WT. After 2 weeks of DE induction, 0.3% and 9.5% of cells in the LGs of WT and HIF-1*α* CKO mice, respectively, were CD3^+^ ([Figure 5g](#fig5){ref-type="fig"}). In addition, 6.4% and 13.8% of cells in WT and HIF-1*α* CKO LGs, respectively, were CD11b^+^ (*P*\<0.001). Levels of IFN-*γ*, IL-1*β*, and TNF-*α* were significantly upregulated in HIF-1*α* CKO LGs than in WT LGs at 2 weeks of DE induction ([Figure 5h](#fig5){ref-type="fig"}). Furthermore, TNF-*α* level were 50 times higher in HIF-1*α* CKO LGs.

Discussion
==========

The novel findings of the present work are the following: (1) DE decreased and increased the numbers of BVs and LVs, respectively, in LGs at the early time points, and this eventually led to hypoxia; (2) DE induced metabolomic changes in LGs, including increased glycolytic activities, autophagosomes, intracytoplasmic vacuolization, and disruptions of mitochondrial cristae; (3) HIF-1*α* was an important transcriptional regulator in DE stress-conditioned LGs and prevented acinar cell death, and HIF-1*α* CKO LGs exhibited significantly increased acinar cell apoptosis and the loss of glandular structures and polarities; and (4) the blockage of HIF-1*α*-COX-2 axis enhanced inflammation in LGs by elevating cytokine expression and inflammatory cell infiltration.

DE has been recognized as a disturbance of 'lacrimal functional unit\', an integrated system comprising LGs, ocular surface, and sensory motor nerves that connect them.^[@bib6]^ If any portion of this functional unit is compromised, lacrimal gland support to the ocular surface is impeded. However, as the majority of DE researches have focused on the ocular surface damage and its recovery by topical treatments, cellular and molecular mechanisms responsible for impairing LG secretion and neural derangements are still poorly understood and require further investigation in the future.^[@bib9]^ This study proved that the pathophysiologic changes in DE induced stress and natural protective mechanisms, in terms of LG vascularities.

Activation of HIF-1*α*, autophagy, and acinar cell survival in LGs
------------------------------------------------------------------

Growing evidence suggests that the hypoxia-induced activation of HIF-1*α*, mammalian target of rapamycin (mTOR), and autophagy are integrated, wherein they influence each other and common downstream pathways that affect gene expression, metabolism, and cell survival.^[@bib20],\ [@bib21]^ Autophagy is an evolutionary conserved catabolic pathway that degrades long-lived cellular macromolecules and organelles.^[@bib14],\ [@bib20]^ Following certain stressed conditions, autophagy serves as an alternate cell death mechanism. However, mounting evidence has shown that autophagy can also act as a form of cell survival in which it initiates a cytoprotective pathway to allow the cell to adapt to the stresses induced by starvation and hypoxia.^[@bib20]^ In this study, we found that decreased BVs and subsequent reductions in oxygen content caused HIF-1*α* stabilization and autophagy activation that protected LGs from cell death. However, in the presence of persistent DE stress, HIF-1*α* expression decreased and LGs shrunk. These findings were also observed in HIF-1*α* CKO mice that showed drastically reduced LG size even with short-term DE induction. In humans, LG size decreases with age.^[@bib22]^ This is closely related to lacrimal flow reduction.^[@bib23]^ Therefore, the HIF-1*α*-induced autophagy system may play a pivotal role in maintaining LG size and flow in the presence of DE.

In addition, BNIP3 expression was elevated in DE-induced LGs. BNIP3 is fully expressed under moderate hypoxia (1--3% oxygen) that can trigger non-apoptotic cell death in mouse embryonic fibroblasts through BNIP3 induction.^[@bib24]^ This pathway is the nonselective autophagy system. However, in severe hypoxia with drastic glucose restrictions, AMPK activation can occur. In this study, DE increased BNIP3 expression without affecting AMPK. Therefore, HIF-1*α* may activate autophagy through the nonselective system. However, DE also induced increases in ER stress-related enzymes, such as ATG6 and p-PERK, and caused ER dilatations. This suggests that DE may activate the unfolded protein response or ER stress. As AMPK can be activated by ER stress, the activity of AMPK in long-term DE-induced LGs requires further investigation.

Glucose metabolites are important DAMP signals in DE-induced LGs
----------------------------------------------------------------

We investigated the specific HIF-1*α*-related DAMP signals in LGs with a focus on glucose metabolites, especially succinate. Succinate continued to accumulate until 2 weeks after DE induction, and isocitrate was significantly depleted. Interestingly, succinate is an endogenous danger signal that stabilizes HIF-1*α* that consequently regulates the gene expression of IL-1*β* and other HIF-1*α*-dependent genes, as well as protein succinylation.^[@bib16]^ Succinate can signal through the G protein-coupled receptor 91 (GPR91) that synergizes with Toll-like receptors and may be activated by inflammatory mediators.^[@bib25],\ [@bib26]^ High succinate concentrations are detected in the plasma of patients with inflammatory diseases.^[@bib27]^ In addition, patients harboring mutations in succinate dehydrogenase demonstrated increased HIF-1*α* levels.^[@bib28],\ [@bib29]^ Thus, elevated levels of succinate may enhance HIF-1*α* activation in DE-induced LGs, and this was confirmed using *ex vivo* LG organ culture ([Figure 3g](#fig3){ref-type="fig"}). Succinate can also be derived from glutamine through the GABA shunt.^[@bib16]^ Increased levels of GABA were confirmed by LC-MS. This suggests that the depletion of Krebs cycle enzymes and the activation of the GABA shunt may contribute to the accumulation of succinate and other intermediates that then stimulates HIF-1*α* stabilization and activation.

Pathological changes in HIF-1*α* CKO LGs
----------------------------------------

Many HIF-1*α*-induced cytokines, including VEGFs, IL-1*β*, and MMPs, are elevated in DE-induced LGs.^[@bib8],\ [@bib12],\ [@bib30],\ [@bib31]^ Nevertheless, the existence, expression, and roles of HIF-1*α* have not been elucidated in DE-induced LGs. Our findings show that HIF-1*α* was essential in the prevention of acinar cell death from infiltrating cytotoxic cells and cytokines in the LGs of DE-induced HIF-1*α* CKO mice.

In this novel mouse model, the majority of glandular structures were lost, and the intralobular and interlobular ducts were dilated and filled with amorphous materials. Interestingly, these changes were quite similar to those observed in the LGs from older DE patients.^[@bib32]^ Furthermore, acinar structures were more severely disrupted in the peripheral areas of LGs than in the central areas. In LGs, the lacrimal arteries divide into branches before entering the glands, and both vascular arcades and interconnected branches are formed.^[@bib33],\ [@bib34]^ Therefore, the peripheral areas of LGs may be less vascularized and more vulnerable to damages that are caused by reduced blood flow. Significant increases in inflammatory cell infiltration were also observed. The mechanism by which cell infiltration was increased in HIF-1*α* CKO LGs was not determined. HIF-1*α* is known to mediate COX-2 induction^[@bib18],\ [@bib19],\ [@bib35]^ that can inhibit inflammatory cell infiltration by increasing PGE~2~ levels. In the LGs of DE-induced HIF-1*α* CKO mice, the decreases in COX-2 and PGE~2~ levels may enhance the infiltration of CD3^+^ and CD11b^+^ cells. Taken together, these findings may provide an idea for DE treatment strategy. Clinically, the most widely used DE treatment is lubricating the ocular surface, and not the functional regeneration of LG. In our study, HIF-1*α* CKO mice showed drastic changes such as severe loss of vascularity or cell infiltration even after a short duration of DE exposure. Based on these data, retaining HIF-1*α* expression and vascularity of LG could be novel strategies for the DE treatment by preventing further DE-induced damage and by helping recovery of secretary function.

There are several limitations of this study. Our main focus was on the functional role of HIF-1*α* in DE, and we did not determine the protective mechanisms that were involved in HIF-1*α* activation/signaling or the neural reflex in the presence of DE. The signaling factors that contributed to the loss of BVs, which was the initial event, remain unclear. In addition, although the DE-induced mouse model is used widely for studying DE, the anatomical location, vascular supply, and pathogenesis of DE are certainly different in humans. It is unknown whether our findings can be directly translated to humans. Human LG studies that utilize radiological imaging are needed.

In conclusion, there are limited studies regarding the nonimmunological mechanisms that are involved in LG damage and protection. Our results demonstrate that HIF-1*α* played an important role in preventing acinar cell damage from DE stress. Further in-depth studies in mice and humans are needed to understand: (1) the role of neural networks from the ocular surface to LGs in activating HIF-1*α*, (2) the details of molecular mechanisms in the interaction of HIF-1*α* and autophagy, and (3) the role of lymphangiogenic activities in DE-induced LGs. In addition, as the pathological changes in the LGs of aged humans^[@bib32]^ are quite similar to that of HIF-1*α* CKO mice, the DE-induced HIF-1*α* CKO mouse model can be used to study non-Sjögren\'s DE disease.

Materials and Methods
=====================

Generation of MMTV-Cre-dependent HIF-1*α* CKO mice
--------------------------------------------------

Mice with MMTV-Cre-dependent knockout at the *hif1α* locus were generated by crossing animals containing loxP sites flanking exon 2 of *hif1α* (B6.129-*Hif1α*^*tm3Rsjo*^/J; Jackson Laboratory, Bar Harbor, ME, USA). Genotyping was performed using DNA from tail biopsies. Primers for distinguishing floxed from nonfloxed alleles, detecting the MMTV-Cre transgene, and *hif1α* deletion were described in [Supplementary 6](#sup1){ref-type="supplementary-material"}. All experiments were performed with littermates derived from Hif1*α*f/f-MMTV-Cre^+^ × Hif1*α*f/f-MMTV-Cre^−^ (6--10 weeks old). All procedures in this study were approved by the Animal Care and Use Committee at Yonsei University College of Medicine and conducted according to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, no. 85-23, 1996).

DE induction and mounting of the eyeball and ocular adnexal tissues
-------------------------------------------------------------------

Female C57BL/6 mice (6--8 weeks old, Charles River Laboratory, Wilmington, MA, USA) were used in accordance with the standards of the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Mice were placed in a controlled environmental chamber with \<15% humidity to induce DE.^[@bib36]^ To achieve maximum ocular surface dryness, mice received subcutaneous injections of 0.05 ml scopolamine hydrobromide (5 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) once a day for the duration of the experiments. Corneal fluorescein staining score was monitored during the experiments. In addition, TUNEL staining of cornea was performed for verifying the corneal damage more precisely ([Supplementary 6](#sup1){ref-type="supplementary-material"}).

After DE induction, the mice were killed, and the eyeballs were halved. One half was fixed with 3.7% paraformaldehyde and stored for immunostaining. The other half was stored at −70°C for qPCR.

Immunohistochemical staining of HIF-1*α*, COX-1, and COX-2
----------------------------------------------------------

The detailed immunohistochemical staining method has been described previously.^[@bib12]^ The following primary antibodies were used: rat monoclonal anti-mouse COX-1 (Cayman, Ann Arbor, MI, USA), COX-2, HIF-1*α*, MMP-2, and MMP-9 (Abcam, Cambridge, UK). Antibodies were diluted 1 : 50--1 : 300 and incubated overnight. Sections were observed under a light microscope (Axio Imager 2, Carl Zeiss, Oberkochen, Germany).

For immunofluorescein staining of BVs and LVs, FITC-conjugated anti-PECAM (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-LYVE-1 (R&D Systems, Minneapolis, MN, USA), and Cy3-conjugated donkey anti-goat IgG (Jackson Immunoresearch Laboratories, West Grove, PA, USA) were used. The sections were photographed with the Leica DMI6000 B inverted microscope (Wetzlar, Germany) at × 200 magnification and automatically stitched into whole images.

Tissue RNA extraction and qPCR
------------------------------

RNA was isolated using the RNeasy Micro Kit (Qiagen, Valencia, CA, USA) from mouse tissues and reverse-transcribed using the Superscript III Kit (Invitrogen, Carlsbad, CA, USA). Real-time qPCR was performed using the TaqMan Universal PCR Mastermix and preformulated primers for HIF-1*α* (Mm00468869_m1), COX-1 (Mm04225243_g1), COX-2 (Mm03294838_g1), LDH (Mm00496648_m1), EPO (Mm00438760_m1), VEGF-A (Mm00437304_m1), TNF-*α* (Mm00443258_m1), IL-1*β* (Mm00434228_m1), IL-6 (Mm00446190_m1), and GAPDH (Mm99999915_g1) (Applied Biosystems, Carlsbad, CA, USA).

LG size measurement
-------------------

After DE induction, extraorbital LGs were removed from 12 mice and fixed with 100% methyl alcohol. LGs were vacuum-dried and measured on a scale. Six age- and sex-matched mice were included as controls.

LC-MS analysis for measuring glycolytic activities
--------------------------------------------------

Polar metabolites were extracted in 80% methanol. Metabolic profiles were obtained using three LC-MS methods. Two hydrophilic interaction liquid chromatography methods were used to measure polar metabolites in positive and negative ionization MS modes, and one reversed-phase method was used to profile lipids in the positive ion mode. Polar metabolites were profiled in the positive ion MS mode using an LC system comprising 1200 Series Pump (Agilent Technologies, Santa Clara, CA, USA) and an HTS PAL autosampler (Leap Technologies, Carrboro, NC, USA) that was coupled to the 4000 QTRAP mass spectrometer (AB SCIEX, Framingham, MA, USA) equipped with an electrospray ionization source. Sample preparations are described in [Supplementary 6](#sup1){ref-type="supplementary-material"}.

The MultiQuant software (version 1.2, AB SCIEX) was used to process raw data and integrate chromatographic peaks. The processed data were manually reviewed for quality of integration and compared against known standards to confirm metabolite identities.

Immunoblotting
--------------

The detailed immunoblotting methods and antibodies are described in [Supplementary 6](#sup1){ref-type="supplementary-material"}.

ELISA
-----

At each time point, WT and HIF-1*α* CKO LGs were collected, lysed, and quantified using the Micro BCA protein assay kit (Pierce, Rockford, IL, USA). IFN-*γ* (DY485), IL-1*β* (DY401), and TNF-*α* (MTA-00b) levels were determined using ELISA kits (R&D Systems).

FACS
----

FACS analysis was performed as described previously.^[@bib30]^ Briefly, single-cell suspensions of four LGs from each condition were prepared by treating minced tissue fragments with 100 U/ml collagenase D and 15 *μ*g/ml DNase (Sigma-Aldrich) for 40 min at 37 °C. After blocking with 1 *μ*g unlabeled anti-FcrR antibody (clone 2.4G2), cells (1 × 10^6^) were washed with RPMI-1640 and surface-stained with PE-Cy5-conjugated anti-CD11b, PE-conjugated anti-PI (eBioscience, San Diego, CA, USA), FITC-conjugated anti-CD3, PE-conjugated anti-7-AAD (Biolegend, San Diego, CA, USA), or FITC-conjugated anti-Annexin V (eBioscience), and then analyzed by FACS (FACSCalibur, Becton-Dickinson, Mountain View, CA, USA). For the separation of CD45^+^ and CD45^−^ cells in LGs, FACS ARIA (BD) was used after APC-conjugated anti-CD45 staining (eBioscience).

LG organ culture *ex vivo*
--------------------------

LG organ culture was performed as described previously. Briefly, LGs were isolated and washed three times with sterile RPMI solution. Afterwards, they were immersed in organ culture medium, as previously described.^[@bib37]^ LGs were observed for 7 days, with medium changes every 2 days, and immersed in a premixed solution containing succinate, GABA, and lactate (20 *μ*M).

TUNEL staining
--------------

LGs were fixed in 10% buffered formalin. Sections (7 *μ*m) were cut, fixed, deparaffinized, and processed using a commercial kit (Oncogene Research Products, Boston, MA, USA) according to the manufacturer\'s protocol. Sections were analyzed using the Eclipse E600 microscope (Nikon, Tokyo, Japan). Apoptotic cells (dark spots) were counted in 10 random high-power fields.

Statistical analysis
--------------------

All data are expressed as mean±S.D. Differences between groups were examined by Student\'s *t*-test or multivariate analyses using the Newman--Keuls test or ANOVA followed by the Bonferroni procedure for comparison of means using SPSS 18.0 (Chicago, IL, USA). Values of *P*\<0.05 were considered statistically significant.

This work was supported by Advanced Science Research Program (grant no.: NRF-2012R1A2A2A02009081) through the National Research Foundation of Korea (NRF), funded by the Ministry of Education, Science, and Technology and partially by a grant of the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic of Korea (HI13C0055).
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VEGF

:   vascular endothelial growth factor

LDH

:   lactate dehydrogenase

EPO

:   erythropoietin

DAMP

:   damage-associated molecular pattern

MMP

:   matrix metalloproteinase

TNF

:   tumor necrosis factor

IL

:   interleukin

WT

:   wild type

AAD

:   aminoactinomycin D

mTOR

:   mammalian target of rapamycin

GPR

:   G protein-coupled receptor
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![Dry eye (DE)-induced pathological changes in the mouse lacrimal gland (LG). (**a**) Determination of the size of LGs of DE-induced mice. Extraorbital LGs from five mice were secured after DE induction. The maximum LG lengths were measured at each time point (\*\**P*\<0.01, one-way ANOVA). (**b**) Immunofluorescence staining for blood vessels (PECAM, green) and lymphatics (LYVE-1, orange). Confocal microscopic images from the entire section of slides were automatically stitched into whole images (upper row: non-DE-induced control, middle row: 7 days after DE induction, lower row: 14 days after DE induction (arrows: PECAM-stained blood vessels, arrowhead: LYVE-1-stained lymphatics, blue: DAPI-stained nuclei)). (**c** and **d**) The qPCR analysis for PECAM and LYVE-1 in DE-induced LGs. LGs were secured after 1 week of DE induction, and RT-PCR was performed using primers specific for PECAM-1 and LYVE-1 (\**P*\<0.05, \*\**P*\<0.01, Student\'s *t*-test). (**e**) Immunoblotting for PECAM expression in DE-induced LGs. After DE induction, LGs were secured and immersed in 0.1 ml RIPA buffer with the protease inhibitor cocktail. Anti-PECAM (1 : 2000) and anti-*β* actin (1 : 4000) were used. Each condition included six LGs. (**f**) LGs from each condition of DE induction were collected and incubated with 0.1 *μ*g/ml collagenase with 0.1% hyaluronidase solution for 2 h at 37 °C. Then, LGs were minced and sieved to yield single-cell suspensions. The cells were incubated with anti-annexin V (1 : 100) and anti-PI (1 : 100) for 1 h. Analysis was performed by FACSCaliber (BD Biosciences). (**g**) LG tissues that were fixed with 4% paraformaldehyde were stained using the Boehringer Mannheim TUNEL kit and counterstained with hematoxylin](cddis2014260f1){#fig1}

![Determination of ER stress status and morphological intracellular organelle changes in DE-induced LGs. (**A**) Non-DE-conditioned control LGs (CTL) are depicted in the upper row. (a and b) Secretory vesicles that oriented to secretory ductules (D) with well-developed ER were found. (c and d) At 1 week after DE induction, increased electron density in the cytoplasm, vacuolization (V), loss of mitochondrial cristae (Mi), and marked dilatation of ER (blue arrow) were found. (e) Dead cells that paced with disorganized organelles (blue arrowhead) and (f) engulfing cell debris by macrophages (M) were also detected. (g) Vacuolization with autophagosomes and (h) the loss of orientation of intracellular organelles were noted. (**B**--**D**) Immunoblotting for LC3 and ER stress markers were performed in DE-induced LGs. All the immunoblot experiments were repeated three times](cddis2014260f2){#fig2}

![Oxidative stress and hypoxia-inducible factor-1*α* (HIF-1*α*) induction in DE-induced LGs. (**a**--**c**) Concentrations of lactate, alanine, and other glycolytic metabolites were measured in LGs from control (CTL, *n*=4) and DE-induced mice (*n*=6 at each time point). All metabolites were measured by hydrophilic interaction liquid chromatography (HILIC). GABA and succinates levels were measured using SeQuant ZIC-HILIC (Umea, Sweden). Detailed experimental details are described in the Materials and Methods section (\*\**P*\<0.01; G6P, glucose 6 phosphate; Suc, succinate; Fum, fumarate; Mal, malate; GABA, *γ*-aminobutyric acid; Cit, citrate; Isocit, isocitrate; Glut, glutamate) (**d**) Immunoblot for HIF-1*α* was performed with DE-induced LGs (\*\**P*\<0.01, one-way ANOVA). (**e**) VEGF-a, lactate dehydrogenase (LDH), and erythropoietin (EPO) levels were measured in LGs from CTL and DE-induced mice (2 weeks) via qPCR (\*\**P*\<0.01, Student\'s *t*-test). (**f**) Immunohistochemical staining for HIF-1*α* expression was performed in LGs from CTL and DE-induced mice. The red arrowhead indicates HIF-1*α*-stained blood vessels (left upper) and the glandular epithelium (left lower) with leukocyte infiltration (green arrows). The black arrow indicates HIF-1*α* staining enhanced in the acinar cells in the peripheral areas. (**g**) HIF-1*α* expression in the presence of glycolytic metabolites was determined using LG organ culture. Fresh LGs were immersed in organ culture medium for 6 h. Afterwards, serum-free organ culture medium with a 20 *μ*M solution containing succinate (suc), GABA, or lactate (Lac) was added for 12 h. Then, HIF-1*α* expression was detected via immunoblotting (\**P*\<0.05, \*\**P*\<0.01, one-way ANOVA)](cddis2014260f3){#fig3}

![Expression of COX-2 and its relationship with HIF-1*α* in LGs from DE-induced mice. (**a**) The mRNA expression of cyclooxygenase (COX)-1 and COX-2 in LGs was determined by qPCR (\*\**P*\<0.01, Student\'s *t*-test). (**b**) COX-2 immunoblotting was performed in LGs from DE-induced mice at different time points. All experiments were performed at least three times and the representative blots are shown. (**c**) CD45^+^ and CD45^−^ cells were separated from DE-induced LGs by FACS Aria (BD Biosciences). mRNA was extracted from CD45^+^ and CD45^−^ cells, respectively. Then, COX-2 mRNA levels were determined by qPCR (\*\**P*\<0.01, Student\'s *t*-test). Three independent experiments with more than 10 LGs in each were conducted. (**d**) COX-2 and HIF-1*α* expression patterns were determined by immunohistochemical staining. Left column: × 100 magnification, right column: × 400 magnification. Arrows indicate COX-2-positive areas, and arrowheads indicate HIF-1*α*-positive areas. (**e**) At 1 week after DE induction, celecoxib (0.05%) or its vehicle was topically administered for 2 and 4 weeks. LGs were then secured, and PCR was performed for IL-1*β*, TNF-*α*, IL-6, IL-8, and GAPDH. (**f** and **g**) ELISAs were used to detect IL-1*β* (**f**) and TNF-*α* (**g**) levels in LGs (\**P*\<0.05, \*\**P*\<0.01, one-way ANOVA)](cddis2014260f4){#fig4}

![Effect of HIF-1*α* upregulation on acinar cell death in LGs from DE-induced mice. (**a**) LG size and weight were measured and compared between WT (B6), HIF-1*α* floxed, and HIF-1a conditional KO (CKO) mice (*n*=6, \*\**P*\<0.01, one-way ANOVA). (**b**) Hematoxylin and eosin staining of LGs of HIF-1*α* CKO mice, DE-induced WT mice, and DE-induced HIF-1*α* CKO mice. Staining was performed at 2 weeks after DE induction. (**c**) FACS analysis for LG cell death was performed at 2 weeks after DE induction. The preparation of LGs for FACS analysis is mentioned above. (**d**) After DE induction, LGs were secured and prepared for immunoblotting. Anti-HIF-1*α* (1 : 2000), anti-Beclin 1 (1 : 1000), anti-Bcl-xL (1 : 1000), anti-Bax (1 : 2000), and anti-caspase 3 (1 : 3000) antibodies were used. (**e**) Immunoblotting was performed to detect PECAM (1 : 2000). (**f**) Immunohistochemical staining of COX-2 in LGs of HIF-1*α* CKO mice, DE-induced WT mice, and DE-induced HIF-1*α* CKO mice (2 weeks after induction). (**g**) After 2 weeks of DE induction of B6 and CKO mice, the LGs were minced and prepared for FACS analysis of CD11b and CD3. Each cell marker antibody was incubated at 1 : 100 for 1 h. The positive cells were analyzed by FACSCaliber (BD Biosciences). (**h**) Levels of IFN-*γ*, TNF-*α*, and IL-1*β* in the LGs of DE-induced mice were measured by ELISAs. Each conditions included at least six LGs (\*\**P*\<0.01, Student\'s *t*-test)](cddis2014260f5){#fig5}
